Chapter 11
Defects on Strontium Titanate

Matthew S.J. Marshall, Andres E. Becerra-Toledo,
Laurence D. Marks and Martin R. Castell

Abstract Transition metal oxides sharing the perovskite structure exhibit many
scientifically interesting and technologically important phenomena, and defects in
these materials play a critical role in determining their properties. In the most
general sense, SrTiO; is a suitable model system for the study of defects in
perovskite oxide materials. This chapter reviews common surface and defect
structures in SrTiOs, and concludes with a discussion of defect diffusion.

11.1 Introduction

Transition metal oxides sharing the perovskite oxide structure (ABO;) exhibit
nearly all of the most interesting phenomena in condensed matter physics including
superconductivity, ferroelectricity and magnetism. SrTiO; is the archetypal
perovskite oxide, it is both among the most widely studied members of this class of
materials and is also commonly used as a substrate for thin film growth of other
oxides. It has emerged that defects in SrTiO;3 give rise to several important prop-
erties, including blue light emission [1], localized conductivity [2], and electron
doping [3]. A comprehensive review of defects in SrTiOj is therefore useful in

M.S.J. Marshall
Department of Applied Physics, Yale University, 15 Prospect St. Becton Center, New Haven,
CT 06510, USA

M.S.J. Marshall
Center for Research on Interface Structures and Phenomena (CRISP), Yale University,
New Haven, CT 06510, USA

A.E. Becerra-Toledo - L.D. Marks
Department of Materials Science and Engineering, Northwestern University, Evanston,
IL 60208, USA

M.R. Castell ()
Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, UK
e-mail: martin.castell@materials.ox.ac.uk

© Springer International Publishing Switzerland 2015 327
J. Jupille and G. Thornton (eds.), Defects at Oxide Surfaces,
Springer Series in Surface Sciences 58, DOI 10.1007/978-3-319-14367-5_11



328 M.S.J. Marshall et al.

elucidating the origin of the properties of this prototypical oxide, and is of general
utility in informing future studies of defects in other perovskite oxide systems.

Understanding defect diffusion and defect structure are important when con-
sidering the various technological applications of SrTiOs;. For instance, easily
reducible oxides such as SrTiOz must be treated carefully if they are to be used as
dielectric materials [4], because oxygen deficiency gives rise to electrical conduc-
tivity. Moreover, the operation of resistive memory devices that include StTiOj3 [5]
involve point and cluster defect diffusion over short time scales. Finally, doping and
defect engineering is critical to oxide electronics, particularly for materials with low
carrier concentrations such as SrTiO3 [6].

SrTiOj is also of interest due to the formation of TiO,-rich nanostructures that
decorate its surface after vacuum annealing [7]. These nanostructures are useful
templates for the deposition of atoms or molecules, and may also be of interest for
catalysis. This chapter will begin with a discussion of bulk defects found in SrTiO3,
such as point defects and vacancy clusters, and how these relate to the properties of
SrTiO5. An understanding of surface defects necessitates a brief overview of the
structure of the SrTiO; surface, followed by a review of recent advances in
determining defect structures. Finally, we will conclude with a discussion of the
diffusion of defects in SrTiO;. While there has been excellent work on the (110)
and (111) surfaces of StTiO;, for the sake of brevity, our focus is on the widely-
studied (001) surface. Similarities can be found between the defective TiO,
structures encountered in the present chapter and those found in studies dedicated to
titania surfaces (Chaps. 1-4, 14).

11.2 Defects in Bulk SrTiO;

11.2.1 Point Defects

SrTiO; has both cation and anion point vacancies, as well as interstitial defects. The
most widely studied defect in StTiO; is the oxygen vacancy, which is known to
render SrTiO5 conductive at a carrier density of 10" ¢cm™ [8]. First principles
density functional theory (DFT) calculations also predict antiferrodistortive rota-
tions of the oxygen octahedra to occur around oxygen vacancies [9]. In thin films of
SrTiO5; grown with pulsed laser deposition (PLD), Ti and Sr vacancies have been
observed with positron annihilation spectroscopy [10], where the relative concen-
tration of V1;/Vg, was related to the laser fluence during growth. DFT calculations
reveal that Ti antisitelike defects near strontium vacancies have a strong polar
distortion [11]. The results of these calculations are shown in Fig. 11.1b, where a Ti
atom, shown in dark blue, is substituted at the site of a Sr vacancy, shown as a black
square. A bulk SrTiOj; unit cell is shown for reference in Fig. 11.1a. The antisitelike
Ti defect has stable polar configurations along the [100] and [110] directions, and
has been proposed as the origin of ferroelectricity observed in thin films of
Sr-deficient SrTiO; [12, 13]. We should also note that Schottky-like SrO vacancy
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Fig. 11.1 a The stoichiometric SrTiO; unit cell. Ti antisitelike defect at the site of an Sr vacancy
leads to a significant polar distortion of Ti along the b [100] and ¢ [110] directions (Ti antisitelike
defect = dark blue, Ti lattice = light blue, oxygen = red, St = yellow). Vg, denotes a Sr vacancy and
Tipc denotes an interstitial Ti atom at the site of the Sr vacancy. Reprinted figure adapted with
permission from Choi et al. [11]. Copyright (2011) by the American Physical Society [11] (Color
figure online)

pairs are predicted to have the lowest energy configuration of any point defect in
SrTiO; [14]. There is a large and excellent body of work on point defects in SrTiO;
and other oxides, e.g. in [15].

11.2.2 Vacancy Clusters

Studies of point defect clusters initially focused on oxygen vacancies. Analysis of
transmission electron micrographs (TEM) of StTiO; thin films indicated that
oxygen vacancy clusters form in the as-grown thin film, which was a hitherto
unexplored possibility [16]. DFT calculations revealed that clustering of oxygen
vacancies into linear pairs is energetically favourable, as shown in Fig. 11.2, which

Fig. 11.2 a Total energy as a function of oxygen vacancy configuration for a single oxygen
vacancy. b The energies of different configurations of oxygen divacancies, showing linear
configurations of divacancies to have the lowest energy compared to alternative configurations.
Reprinted figure with permission from Cuong et al. [17]. Copyright (2007) by the American
Physical Society [17]
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shows the total energy for different oxygen vacancy configurations [11]. These
oxygen divacancies exhibit a stable linear configuration about a Ti atom, a con-
figuration that may be generalisable to other perovskite oxides. Clustering of
vacancies about Ti affects the electronic properties of the material by preferentially
filling Ti d-orbitals with electrons [17]. Oxygen vacancies can be easily introduced
into SrTiO5; by annealing in vacuum and small amounts of excess Ti during the
growth of SrTiO5 can also cause clusters of strontium vacancies to form [18]. In
addition to polar antisitelike defects, complexes of Sr and O vacancies have also
been investigated as the potential origin of ferroelectricity in thin films [19]. To
investigate the existence of these vacancy clusters, positron annihilation spectros-
copy of homoepitaxial thin films grown using pulsed vapour deposition revealed a
uniform distribution of Sr vacancies as well as large vacancy clusters in the near
surface region [20]. The formation of vacancy clusters during thin film growth was
attributed to Ti-poor films [10].

Annealing SrTiO3(001) in reducing conditions results in a surface enriched with
TiO, which upon extended annealing results in the growth of anatase TiO, islands
[21, 22]. An oxidising anneal gives rise to secondary phases of SrO on the surface
[23-25]. A number of models exist that attempt to explain this behaviour using a
variety of arguments involving preferential surface segregation and sublimation
behaviour. The most cohesive model is that by Meyer et al. [26] for donor doped
SrTiO5. At high temperatures electronic compensation of defects may be replaced
by cation vacancy compensation in the form of Sr vacancies in the bulk. Because
Schottky-type disorder is favoured in SrTiOs, Sr vacancies are accompanied by the
formation of Sr-rich phases at the surface [26], which are oxided and result in SrO
islands.

11.2.3 Ruddlesden-Popper Phases

The Ruddlesden-Popper (RP) phases of SrTiO; have a Sr,,,1Ti O3, structure, first
proposed by Ruddlesden and Popper [27, 28]. In its simplest form for n = 1
(Sr,TiOy), it corresponds to the removal of a TiO, layer from the perovskite SrTiO;
structure resulting in a double-layer of SrO. Szot et al. annealed as-received crystals
of SrTiOj3 in an oxidising atmosphere and found a SrO-rich surface with Ruddles-
den-Popper phases in the bulk, while annealing in a reducing atmosphere results in
TiO and TiOx-rich surface phases [23, 29]. In bulk SrTiO3;, RP phases occur in
oxidising conditions at high temperatures. One technological application of RP
phases are as potential thermoelectric materials [30]. The RP phases of SrTiO3 have
also been grown in thin film form using molecular beam epitaxy [31, 32] and are
predicted to have a variety of intriguing properties [33, 34].
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11.2.4 Dislocations and Defects

In a naive first approximation, reduction of SrTiOj3 is assumed to have a uniform
character. However, as discussed in the preceding sections, a body of work has
gradually emerged that demonstrates that oxygen vacancies tend to cluster, and that
non-stoichiometric films of SrTiO; are subject to the formation of cation defects.
While reduction of SrTiO; renders it conductive by doping with oxygen vacancies
in the dilute limit, it has also been revealed that such reduction of SrTiO3z can be
inhomogeneous. For instance, high electronic conduction along dislocations leads
to self-healing of the dislocation. This self-healing effect enhances oxygen vacancy
mobility along dislocations, and as a result O vacancies tend to cluster along
dislocations [35, 36]. Chemical etching of SrTiO; can reveal dislocations as shown
in Fig. 11.3, where a tapping mode atomic force microscopy (AFM) image shows
dislocations (black circles) clustered along distinct crystallographic directions. The
technological relevance of this line of enquiry was demonstrated by Szot et al., who
showed that clustering of oxygen vacancies along dislocations that are oriented
along the crystallographic axes can be used to realise bistable nanowires that switch
from insulating to metallic upon oxidation or reduction respectively [2].

11.2.5 Defects Introduced by Ar-Bombardment

Doping SrTiO; with oxygen vacancies reduces the crystal, and is often accom-
plished by annealing in vacuum. However, oxygen vacancies are also generated in
SrTiO; by low-energy (<500 eV) bombardment with Ar-ions. Ion bombardment of
SrTiO; led to the discovery of blue-light emission at room temperature [1], as well

Fig. 11.3 A tapping mode AFM image of etch pits on SrTiO3(001). Purple dislocations are
aligned along crystallographic directions. Reprinted by permission from Macmillan Publishers
Ltd. [2]. Copyright (2006) [2] (Color figure online)
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as localized conductivity [37]. There are two advantages of introducing oxygen
vacancies via low-energy ion bombardment versus reductive annealing. The first is
that the distribution of vacancies can be spatially localized, because the depth of
the oxygen vacancy profile is dependent on the penetration depth of the argon ions.
The second advantage is that patterns can be easily created using widely available
argon ion milling techniques. Blue light emission from Ar-ion bombarded SrTiO;
was found to originate from electron doping that introduced defect states into
the middle of the band gap, as shown in Fig. 11.4. Emission of blue light arises
from the recombination of doped electrons in the conduction band and excited holes
[38, 39].

The localized penetration depth is also consequential for creating transparent
conducting SrTiOj that has a similar carrier density to InSnO3 (ITO) [1] (see
Chap. 11 for details on ITO). Transmission electron microscopy (TEM) images
taken of SrTiO3(001) single crystals following low-energy ion bombardment
(<500 eV) reveal a 3 nm thick amorphous region atop a 20 nm thick region depleted
of oxygen. This abrupt transition is shown in Fig. 11.5. The depth of argon ion
impingement, or the ion penetration length, L, is given by [37]:

E*BPwW
L=11—F+ (11.1)

(24 4)

where E is the energy in eV, W is the atomic weight of the target in atomic mass
units, p is the target density, and Z;, are the atomic numbers of the ion and target
respectively [37, 40]. For SrTiOs, this simplifies to L = 0.47 E**, from which one
can determine the depth of the amorphous layer to be 3 nm at an Ar ion energy of

Fig. 11.4 a A schematic showing emission of green light at low temperatures and b blue light at
room temperature from SrTiOs. The green rectangle corresponds to the O 2p valence band while
the blue rectangle corresponds to the Ti 3d conduction band. The white circles are holes, the black
circles are electrons, and the grey circles are doped electrons. Reprinted by permission from
Macmillan Publishers Ltd. [1]. Copyright (2005) [1] (Color figure online)
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Fig. 11.5 A cross-sectional transmission electron micrograph (TEM) of SrTiO5(001) following
bombardment by low-energy Ar' ions. A 3 nm thick amorphous layer is visible atop a darker
20 nm layer that is depleted of oxygen. Reprinted by permission from Macmillan Publishers Ltd.
[1]. Copyright (2005) [1]

500 eV, in agreement with the experimentally measured values [1, 37]. Nonethe-
less, while the amorphous region is only a few nanometres thick, scattering deeper
into the crystal generates oxygen vacancies up to a depth of an additional 20 nm, as
shown in Fig. 11.5. This suggests preferential scattering between Ar and O,
resulting in large numbers of oxygen vacancies.

11.3 Surfaces of SrTiO;
11.3.1 Surface Structure of SrTiO3(001)

To understand defects on the surface of SrTiO3 necessitates an understanding of the
surface structure. As such, this section will provide a brief overview of some
important aspects surrounding the structure of SrTiO3 surfaces. There exists a large
and thorough body of work on the subject, and we would encourage the reader to
further exploration of the literature [3, 10, 41-52]. The challenge of determining the
structure of the SrTiOj surface requires a variety of techniques working in concert,
in particular transmission electron microscopy (TEM), electron and X-ray diffrac-
tion, ultra high vacuum scanning tunnelling microscopy (UHV-STM), and first
principles density functional theory (DFT). In general, surface reconstructions and
surface phases of SrTiO; are terminated with TiO,. Using electron diffraction and
density functional theory, it was discovered that the structure of the (2 x 1)
reconstruction consists of a double-layer termination of TiO, [44]. The stability of
this model was evaluated by Johnston et al. who compared the double-layer TiO,
structure to a proposed Ti,O5 structure [41, 43]. They found that under realistic
experimental conditions, the double-layer TiO, model is most stable.
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11.3.2 Polyhedral Quartet Structural Motif

An important milestone in elucidating the structure of SrTiO3(001) is the idea that
different reconstructed or nanostructured surfaces share similar fundamental
structural units. This first came about by using electron diffraction and DFT to solve
the structure of the c(4 x 2) surface, finding that similar to other SrTiOj3 surfaces, it
has a double-layer TiO, termination [45, 46]. More importantly, the top layer
consists of a periodic pattern of a defining structural feature—four edge sharing
TiOs[] octahedra with “[]” a missing oxygen site, thus leading to the term ‘poly-
hedral quartet motif.’

The structure of the polyhedral quartet motif is shown in a polyhedral repre-
sentation of the c¢(4 x 2) surface in Fig. 11.6a, b and in a plan-view schematic in
Fig. 11.6c. In Fig. 11.6¢ the black lines of the c¢(4 x 2) unit cell enclose a polyhedral
quartet. STM images of the c¢(4 % 2) reconstruction are shown in Fig. 11.6d-f, and
Auger electron spectroscopy (AES) demonstrated that the surface is rich in Ti [42].
At first glance, the structural model in Fig. 11.6a—c and the STM images in
Fig. 11.6d-f look dramatically different, but the apparent difference was resolved
using STM simulations derived using first principles calculations [53]. The simu-
lations revealed that a single spot in the STM image is in fact comprised of four
titanium atoms and eight oxygen atoms. The STM simulation is superimposed over
an STM image of the c(4 x 2) surface Fig. 11.6g. Recent high resolution TEM and
electron energy loss (EELS) spectroscopy offer further confirmation of the structure
of the ¢(4 x 2) reconstruction [52].

While the c(4 x 2) is the first structure found with this quartet motif and has a
four-member ring, as shown in Fig. 11.6a, others are now known from either, or
both, experiment [48] or DFT calculations [46]. As shown in Fig. 11.7a, the (2 x 2)
is a four-member zigzag linear arrangement along a [100] direction and the
(/2 x 2) R45° is linear along [110] direction as shown in Fig. 11.7b. The
(/T3 x 413) R33.7° has a five member “S” shaped units depicted in Fig. 11.7c,
while DFT calculations (as yet not fully verified by experiment) suggest 8-member
rings form a (3 x 3) structure shown in Fig. 11.7d. Finally, a second variant of the
4-member rings that comprise the c(4 x 2) is also the dominant structural feature for
the (V5 x v5) R26.6° configuration, as shown in Fig. 11.7d. It should also be
mentioned that while the (001) surface is dominated by octahedral Ti, the (110)
contains very different tetrahedral units [54] and the (111) surface is even more
complicated.

11.3.3 Nanostructured SrTiO;

In addition to the periodic surface reconstructions discussed above, Ti-rich linear
nanostructures have been obtained on the SrTiO3(001) surface by annealing c(4 % 2)-
reconstructed specimens in UHV [7,42]. The linear nanostructures, termed ‘nanolines’



11 Defects on Strontium Titanate 335

Fig. 11.6 Polyhedral representation of the ¢(4 x 2) structure is shown in a and b in which the
TiOs polyhedra are shown in green and TiOg¢ octahedra are olive (Sr = gold, Ti = red, O = blue).
The green TiOs polyhedra decorate the surface, while TiOg octahedra exist below the surface
layer. Image adapted from N. Erdman et al. showing plan view schematics of the overlayer ¢ ¢
(4 x 2) reconstruction. Reprinted (adapted) with permission from Erdman et al. [45]. Copyright
(2003) American Chemical Society [45]. STM images of the c(4 x 2)ind (Vg =2.0 V,I;=0.1 nA)
and e (V,=0.25 V, I; = 1.0 nA) respectively show the bias dependence of the reconstruction. The
STM image in f shows a convolution of the two different electronic structures (Vg = 0.45 V,
I; = 0.44 nA). The STM images in d—f were adapted from Castell [42]. Reprinted from Castell [42].
Copyright (2002), with permission from Elsevier. g An experimental STM image (Vs = 2.0 V,
I, = 0.1 nA) with an overlaid STM simulation (V¢ = 2.0 V). The STM simulation is derived from
the structure depicted in a. Reprinted with permission from Becerra-Toledo et al. [53]. Copyright
(2012), AIP Publishing LLC [53] (Color figure online)

are oriented along one of the <100> directions and have been observed via scanning
tunnelling microscopy (STM). There are three types of nanolines: dilines (two rows)
[42, 55], trilines (three rows), and tetralines (twice the width of a diline) [7], which
exhibit (6 x 2), (8 x 2) and (12 x 2) periodicity respectively when found in close-
packed domains. Notably, the polyhedral quartet motif is also an important part of all
three nanoline surfaces [53].

Dilines, shown in Fig. 11.8a and b, are observed in isolation and in close-packed
form, and coexist with c(4 x 2) terraces, which sit 2 A lower than the dilines,
corresponding to one atomic layer [42]. Auger electron spectra (AES) demonstrate
that nanoline-covered SrTiO5(001) surfaces contain more Ti content than even
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Fig. 11.7 Plan-view polyhedral representations of the a (2 x 2) reconstruction [46] and b (V2 x +2)
R45° where TiOs polyhedra are green and TiOg octahedra are olive [46]. Reprinted from
Warschkow et al. [46]. Copyright (2004), with permission from Elsevier. ¢ (/I3 x Y13) R33.7°
[48], d the (/5 x ¥/5) R26.6° [48], e the (3 x 3) [48] (Ti = blue, O = red, St = gold). The green TiOs
polyhedra decorate the TiOy-terminated surface while the olive TiOg octahedra form the bulk
structure. Reprinted figures with permission from Kienzle et al. [48]. Copyright (2011) by the
American Physical Society (Color figure online)

double-layer TiO, rich reconstructions. Moreover, AES spectra are indicative of a
predominant 4+ valence state for the surface Ti in nanoline surfaces [7]. These
findings strongly suggest that the nanoline structures are terminated by three TiO,—,
layers. When in close-packed domains, dilines exhibit (6 x 2) periodicity and a
ridge-and-valley configuration. Following this description, each diline consists of
two parallel rows of bright round motifs, observed with STM under large positive
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Fig. 11.8 a Polyhedral representation of the structure of a diline in the square configuration where
TiOg octahedra are purple and TiOs polyhedra are green and a double-layer of TiOg octahedra
exists below the surface layer. b An experimental STM image of a diline (Vg = 1.7 V, I[; = 0.05 nA)
with the STM simulation of the structure depicted in a (V5 = 1.5 V) overlaid on the bottom.
¢ Polyhedral representation of the structure of a triline nanostructure. d An STM image of the
triline nanostructure (Vy = 2.23 V, I = 0.24 nA) with the STM simulation of the structure depicted
in ¢ overlaid on the bottom (V, = 1.5 V). Reprinted with permission from Becerra-Toledo et al.
[53]. Copyright (2012), AIP Publishing LLC [53] (Color figure online)

bias in Fig. 11.8b. Dilines adopt two configurations: (a) square, where the bright
motifs from adjacent rows are aligned, and (b) zigzag, where the motifs in a row are
shifted by one bulk unit cell along the length of the diline with respect to the
neighbouring row. The distance between rows within a diline is 7.8 A, which
corresponds to exactly two bulk SrTiO5 unit cells.

The bright, round motifs that comprise the dilines are the same size and shape as
the STM features that characterize the c(4 x 2) surface. This is the polyhedral
quartet motif of four edge-sharing TiOs polyhedra, registered to a bulk-like TiO,
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layer underneath. The c(4 x 2) atomic structure, determined via diffraction-based
methods, has been verified through STM image simulations based on density
functional theory (DFT) computations [53]. These simulations rely on a modifi-
cation to the classical Tersoff-Hamann approximation [56] to extend it to large
sample-tip bias. Moreover, the simulated images mirror the constant-current nature
of experimental micrographs and account for the blurring effects of tip size and
thermal vibrations. Tests also validated the chosen DFT parameters and the decision
to exclude any bias-induced external electric field from the modelling [53].

The same methods have been employed to determine the atomic structure of the
SrTiO3(100) dilines, by testing multiple structural candidates [53, 57]. Taking into
account the observation that the c(4 x 2) is a precursor of (and coexists with) the
dilines, and the similarity between their main STM features, the polyhedral quartet
motif was incorporated into diline structural models, shown in Fig. 11.8a [53]. STM
and AES data do force an important difference that the diline must consist of three,
not two, TiO,_, atomic layers at the surface. The c(4 x 2)-like motifs specify the
outermost atomic structure, corresponding to the “ridge” features, and they also
constrain the atomic arrangement immediately beneath them. Due to energetic
considerations, the ridge portion of the second layer must be much like a bulk-like
TiO, layer, similar to the second layer of the c(4 x 2) surface reconstruction [53].

The “valley” portion of the diline, however, is significantly different from a bulk-
like conformation, because the experimentally-measured corrugation in constant-
current STM images requires access of the tip to a third layer [7]. The third layer is
more difficult to probe, but itis expected to qualitatively adopt the same architecture as
a bulk-like TiO, layer of SrTiO3(100). STM image simulations are shown in
Fig. 11.8b compared to an experimental micrograph, from which it was determined
that the second layer in the diline valley differed from a bulk-like TiO, arrangement in
the following way: the Ti—O chain of atoms along the centre of the valley is removed,
as are the second-layer O atoms which would have been bonded to the removed Ti
atoms and aligned to the near-most quartet motif. For clarity, see Fig. 11.8a for a
polyhedral representation of a diline under the “square” configuration.

Trilines are nanostructures that appear to be very similar to dilines, with the
notable difference that their STM images incorporate a bright “backbone” between
diline-like rows of bright round spots [7], shown in the top-half of Fig. 11.8d. The
backbone consists of building blocks repeating periodically at single bulk unit cell
intervals (3.9 A) along the longitudinal direction [57]. Each backbone feature looks
oval-like and has mirror symmetry along the transverse direction. The transverse
distance between the backbone and either “diline-like” row corresponds to two bulk
unit cells. When found in close-packed domains, trilines typically exhibit (8 x 2)
periodicity. X-ray photoelectron spectroscopy (XPS) data shows the appearance of
Ti** 2p peaks, which are not observed for diline-only surfaces [57]. Since the
appearance of Ti*" is the only difference between the dilines and trilines, this
indicates that there is some reduced Ti in this portion of the triline architecture.

DFT-based STM image simulations, shown in the bottom-half of Fig. 11.8d,
along with constraints from experimental data have been exploited to determine the
atomic-scale triline structure, with special emphasis on the distinctive backbone.
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The polyhedral representation of the solved triline structure under the “zigzag”
configuration is shown in Fig. 11.8c. As can be seen, the backbone consists of
checkerboard-like Ti—O arrangement [53], resulting again in edge-sharing TiOs
polyhedra; this recurring pattern clearly constitutes a stabilization mechanism in this
perovskite system. The top-layer within the backbone portion has a Tiz;Os com-
position, which is indicative of local Ti reduction; this is consistent with the XPS
results [58]. Bond valence sum analysis, whose applicability has been shown to
extend to surfaces [59], further confirm the presence of Ti backbone sites showing
reduction comparable to standard Ti>* materials [53]. The difference in stoichi-
ometry between dilines and trilines allows for the accommodation of compositional
variation on nanoline-decorated SrTiO3(100) surfaces.

11.4 Surface Defects
11.4.1 Defects at the Surface of SrTiO;

Section 11.2 introduced bulk defects in StTiO5 including point defects and vacancy
clusters. The surface structure of SrTiO; was briefly introduced in Sect. 11.3. We
can now begin to understand how defects in SrTiO; appear at the surface and how
these surface and near-surface defects influence the properties of the material. The
most commonly attributed defect at the surface is an oxygen vacancy. It is easy to
introduce oxygen vacancies into the perovskite oxides by vacuum annealing, ion
bombardment and during growth. This line of research has been pursued for dec-
ades, and in early work on SrTiO; there was already an awareness of the role of
oxygen vacancies [60]. The oxygen vacancy acts as an electron donor, and the
presence of oxygen vacancies is typically inferred from the spectroscopic signature
of Ti**. Recent work on vacuum-cleaved SrTiOs single crystals indicates that
oxygen vacancies at the surface lead to the formation of a 2D electron gas, which
has been observed with angle resolved photoemission spectroscopy (ARPES)
[3, 61, 62]. More generally, by controlling the concentration of oxygen vacancies,
the surface region can be switched from semiconducting to metallic [63].

11.4.2 Surface Vacancy Clusters

Informed by recent advancements in determining the structure of the SrTiOj sur-
face, we can look with renewed insight at the structure of defects in the surface
region. In particular, the presence of large defect clusters seems to be an important
defect-formation mechanism, both in the bulk [10, 20] and on the surface [53, 57].
Here, we will focus on two defects—the absence of a polyhedral quartet structural
motif across several different surfaces, and a defect in the central row of the triline.
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11.4.3 Polyhedral Quartet Defects

An STM simulation of two diline nanostructures is shown in Fig. 11.9a, with a ball
and stick representation of the top-most layer shown over-laid in the corner. In
Fig. 11.9b, an STM image of an isolated diline is shown. The black arrow in

Fig. 11.9 a STM simulations of a diline nanostructured surface, with a ball and stick structure of
the top-most layer overlaid in the top-right corner (Ti = red, O = blue) [58]. b An STM image
showing an isolated diline on a c(4 x 2) surface [42]. The arrow indicates the presence of a defect
at the site of a polyhedral quartet motif. Reprinted from Castell [42]. Copyright (2002), with
permission from Elsevier. ¢ The structure of a triline defect in the central row, as determined by
first principles calculations, adapted from [53] where TiOg octahedra are purple and TiOs
polyhedra are green (Sr = gold, oxygen = blue, Ti = red). A double-layer of TiOg octahedra exists
below the surface layer. Reprinted with permission from Becerra-Toledo et al. [53]. Copyright
(2012), AIP Publishing LLC d An STM simulation of the triline defect in (c) is compared to an
STM image of a defect in the central row of the triline [57]. Reprinted figure with permission from
Marshall et al. [57]. Copyright (2011) by the American Physical Society
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Fig. 11.9b denotes the absence of the polyhedral quartet structural unit along the
side row of the diline. This type of defect is often observed on surfaces decorated by
nanolines. While the details of the defect in Fig. 11.9b have not been fully studied,
the images suggests that this corresponds to the absence of a polyhedral quartet
unit. This defect is similar in appearance to defects present on the c(4 x 2)
reconstruction, as well as those found in the side-rows of the trilines and tetralines.

11.4.4 Triline Defects

The triline nanostructure exhibits two types of defect clusters, a defect cluster in the
side-row, and a defect cluster in the central row. The first, which is nearly identical
to the diline, is the absence of a side-row spot that corresponds to a polyhedral
quartet unit. While the precise details of this defect are unknown, its prevalence on
four different surfaces c(4 x 2), dilines, trilines and tetralines, is indicative that the
fundamental nature of the polyhedral quartet motif extends to its absence, in the
form of a defect cluster. If the dark spot in the STM images is caused by a missing
top-layer, then the defect cluster would consist of TisOsg.

Experimental STM images have revealed a distinctive backbone defect in triline
structures [57]. In constant-current micrographs, the defect shows up as a missing
backbone repeat unit. That is, a single bright oval-like feature is replaced by a dark
feature (or depression) with the width corresponding to a single bulk unit cell
[53, 57]. Figure 11.9c shows the plan-view polyhedral atomistic structure of a
TisO5 defect cluster in the central row of the triline as well as a side view of this
same structure [53]. Each defect has local mirror symmetry along both the longi-
tudinal and transverse triline directions. STM simulations can be compared with
experimental STM images in Fig. 11.9d, and reveal an excellent match between the
experimental and simulated structures. Diffusion of the cluster defect to a side-row
is not observed, but diffusion does occur along the length of the triline. The con-
fined nature of cluster diffusion lends itself to study with high-temperature STM.

Symmetry constraints and a large measured diffusion activation energy rule out
the possibility of the defect consisting of a single atom (Ti or O). The arrangement
that best matches the experimental STM micrographs, while satisfying all other
conditions, is shown in Fig. 11.9¢ and d under the “zigzag” triline configuration. In
this structure, a quartet of top-layer Ti atoms is removed, along with three collinear
top-layer O along the middle of the defect, originally bonded to the absent Ti.
However, the four removed Ti are not truly eliminated, but merely relocated: each
of the Ti atoms is displaced to the layer beneath, occupying octahedral sites that are
otherwise vacant [53]. In this manner top-layer O atoms along the defect perimeter
are coordinated to two Ti atoms, instead of just one, which would lead to high
structural instability and features in the STM image simulations that are not
observed experimentally.

The structure of the defect was inferred from STM images, using the symmetry
constraints and large diffusion energy as a guide, as well as the measured valence
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state of Ti in the system [57]. Several candidate structures were simulated using
DFT, and the results compared to experimental STM micrographs. A poor match
between important features of the STM images ruled out several structures [53].
The common side-lobe features are similar to the ¢(4 X 2) surface which led to the
notion of the polyhedral quartet motif structure for the side lobes. The presence of
Ti** in XPS measurements enforced a requirement of Ti>* in the background. With
this established, the only candidate defect structures that replicated the features
observed in the STM images were defect clusters. A Ti4O3 defect cluster produced
the best agreement between theory and experiment, and fits within an emerging
understanding of the role of clusters in the SrTiO5 surface region [10].

11.5 Defect Diffusion

11.5.1 Point Defect Diffusion

While scant attention has been devoted to measuring the kinetics of defects at the
surface of SrTiOs, there have been several studies on the diffusion of bulk defects,
presenting a wide range of values in the literature. For instance, the high temper-
ature diffusion of Ti in donor-doped (La) SrTiO; was found to be 3.3 eV per Ti
atom [64]. In contrast, a simulation of titanium vacancy diffusion yielded an acti-
vation energy, E, = 11.6 eV for Ti** vacancies and E, = 2.5 eV for Sr** vacancies
[14]. These values are significantly higher than older studies that found activation
energies of Ea = 4.9 eV for Ti** and Sr** vacancy diffusion [65]. More recent work
on Nb-doped StTiO; posited values of 1.2 eV for Sr** and Ti** vacancies [66].
Additionally, work on a related material system, Nb-doped BaTiO3, confirmed
work by Lewis and Catlow that Ti** vacancies are more energetically favourable
than Ba®* cation vacancies because of strain considerations [67, 68]. Separate
experimental studies have found that the activation energy for the diffusion of
oxygen in SrTiOj is less than 1 eV [69, 70]. While measurements of the activation
energy of point defect diffusion are useful for comparative purposes, the wide range
of values in the literature limits their utility.

11.5.2 Diffusion of Defect Clusters

In Sect. 11.4 we introduced some of the defects and vacancy clusters that form on
the nanostructured surface of SrTiOs. One such defect forms in the central row of
the triline nanostructure and appears as a dark spot. DFT calculations revealed that
the dark spot corresponds to a Ti4O5 defect cluster. Because the central row, or
backbone, of the triline is a line, it is therefore appropriate to model the diffusion of
the TiyO5 defect cluster using a 1D diffusion model. Modelling defect diffusion can
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be complicated, but the 1D approximation simplifies matters considerably. Such a
model relies on determining the probability of the diffusing species being located at
a position x, and is given by [71-73]:

P, (ht) = exp(—2ht)I(2ht) (11.2)

where P, is the probability, & is the hopping rate, ¢ is the time between measure-
ments, and I, are modified Bessel functions of the first kind. The mean square
displacement, (8x?), of the probability distribution is given by [72]:

(ox*) = 2ht (11.3)

From this, by determining the displacement of a defect as a function of time, ¢, it
is readily possible to determine the hopping rate. To accomplish this in the studies
of surface defects using an instrument such as the STM, the defect is observed in
two isothermal STM images that are taken an arbitrary time, ¢, apart. In order to
avoid the effects of thermal drift in the image, such an experiment necessitates a
long stabilization period to allow the tip and sample to thermally equilibrate.

For defects that experience discrete displacements corresponding to an integer
multiple of the underlying lattice, the general rate of diffusion can be expressed in
terms of the hopping rate, 4. Constructing a semilog plot of the hopping rate against
the inverse of temperature facilitates fitting with the Arrhenius diffusion equation.
The activation energy, E, and the exponential prefactor v are obtained from the
resultant fit. The Arrhenius diffusion equation is:

h=vexp (—E,/kgT) (11.4)

where # is the hopping rate, kg is Boltzmann’s constant, and 7 is the temperature.

The ability to measure defect diffusion in terms of a series of hops along an
atomic lattice requires STMs with high thermal stabilities and ‘fast’ scanning times.
Study of fast surface dynamics was only possible with the development of scanning
tunnelling microscopes that had the ability to capture multiple frames per second, as
first developed by the Aarhus group [74]. An early example is work by Linderoth
et al. who studied diffusion of Pt atoms on the surface of reconstructed Pt(110) [75].
The technique of using isothermal rapid-scanning STM has since been applied to a
variety of materials systems in order to observe 1D diffusion of defects and atoms
[72], including on the nanostructured surface of SrTiO5(100) [57].

STM images taken at 518 °C of two triline nanostructures separated by a diline are
shown in Fig. 11.10a—d. The backbone of the triline is visible in these images as a
bright line comprised of spots that are one unit cell apart. The black arrows in
Fig. 11.10a each indicate the absence of one of the bright spots, which is ascribed to be
aTiyO5 defect cluster in Sect. 11.4. Isothermal STM images of the same location taken
90 s apart are shown in Fig. 11.10b—d, where the black arrows denote the starting
position of the vacancy cluster in Fig. 11.10a. These images show the position of the
vacancy cluster moving along the length of the triline backbone. The vacancy clusters
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[100]  [010]

Fig. 11.10 Four isothermal STM images take at 90 s intervals of a triline nanostructured surface at
a constant temperature of 518 °C. a The arrows indicate defects in the central row of the triline.
b—d The arrows denote the starting position of the defects (9.5 x 9.5 nm?, V,=+1.87 V,[;=0.24
nA). Reprinted figure with permission from Marshall et al. [57]. Copyright (2011) by the American
Physical Society [21]

are not observed to diffuse from the triline backbone to either of the side rows,
reinforcing the validity of the 1D-model for this system. In these images measuring
the displacement of the vacancy cluster is a matter of counting the number of spots.

A plot of the vacancy cluster hopping rate versus the inverse temperature is
shown in Fig. 11.11, while the temperature in degrees Celsius is shown on the top
x-axis. For each point, the hopping rate is determined by measuring the displace-
ment of 50-75 hopping events, while excluding hopping events that could poten-
tially interact with nearby vacancy clusters on the same triline, or with the triline
end-points. The horizontal error bars are due to an estimated uncertainty in the
temperature measurements, while the vertical error bars arise from measurements of

Fig. 11.11 A semilog
Arrhenius diffusion plot of the
hopping rate versus reciprocal
temperature (1/T). Fitting to
this plot facilitates extraction
of the defect diffusion energy.
Reprinted figure with
permission from Marshall

et al. [57]. Copyright (2011)
by the American Physical
Society [57]
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the cluster displacement. Observing a sufficiently large number of hopping events at
a series of different temperatures allows the measured hopping rate to be fitted with
the Arrhenius diffusion equation described in 11.4. This resulted in an activation
energy of E, = 4.98 £ 0.17 eV [57].

Careful analysis of the atomic structure of the triline facilitates speculation of
the mechanism of cluster diffusion. Figure 11.12 shows a schematic of the ball-and-
stick representation of only the central backbone of the triline. In practice, the triline
backbone defect consists of three effective O vacancies, in addition to the relocation
of four top-layer Ti atoms to subsurface sites. The symmetry constraints and the
electronic structure, as probed by STM, dictate the need for a complicated defect.
This is further re-enforced by the large diffusion activation barrier, which is much
larger than for single-atom surface diffusion. As reference, the activation energy for
the bulk diffusion of an oxygen vacancy in SrTiO3 is 0.4-0.6 eV [76, 77], and
surface diffusion is indeed easier: the analogous value on a TiO,-truncated
SrTiO5(001) surface is estimated to be 0.1 eV [77].

This structure does require a complicated 3D mechanism for the (effectively 1D)
translation of the defect along the length of the triline backbone [57]. The collab-
orative nature of such a mechanism is illustrated in Fig. 11.12 for a displacement
across one bulk unit cell. As seen in the schematic, defect motion requires three
second-layer Ti atoms to move to top-layer sites, while three top-layer Ti atoms
concurrently jump to octahedral sites in the second atomic layer. Furthermore, three
oxygen atoms must simultaneously hop across the topmost layer to new sites. This
convoluted diffusion involving the synchronized transport of nine atoms is con-
sistent with the large value of the measured 1D diffusion activation energy for the
triline backbone defect [57].

Fig. 11.12 A schematic ball and stick representation of the top two layers of a 2 x 4 triline
supercell showing Ti4O5 defect cluster diffusion. Surface Ti are shown in pink, subsurface Ti are in
red, surface O are in blue while subsurface O atoms are light blue. The arrows indicate where
atoms move during the course of defect diffusion. Reprinted with permission from Becerra-Toledo
et al. [53]. Copyright (2012), AIP Publishing LLC [53] (Color figure online)
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11.6 Conclusions

SrTiO; is commonly used as a substrate for thin film growth and is a model system
for the study of defects in the perovskite oxides. Over the last decade, tremendous
progress has been made in solving the structure of the various reconstructed and
nanostructured surfaces of SrTiO5(001). This has facilitated the study of the atomic
structure of defects at the surface and in the bulk. Comprehensive knowledge of the
atomic and electronic structure of these defects, as well as how defects diffuse, is of
critical importance for technological applications of this material. For instance,
defects in SrTiO5 induce ferroelectricity, blue light emission and localised con-
duction. Defects are also relevant to the development of insulating high-k dielectrics,
and resistive memory devices. Finally, defects in nanostructured surface phases may
be of importance for catalysis. Studies of defects in SrTiO; are generally applicable
to similar materials systems and offer a useful starting point when studying other
perovskite oxides.
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